Hanle Effect near Boundaries by Engel, Hans-Andreas
ar
X
iv
:0
70
7.
37
62
v1
  [
co
nd
-m
at.
me
s-h
all
]  
25
 Ju
l 2
00
7
Hanle Ee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s, Harvard University, Cambridge, Massahusetts 02138
The Hanle eet desribes suppression of spin polarization due to preession in a magneti eld.
This is a standard spintronis tool and it gives aess to the spin lifetime of samples in whih spins
are generated homogeneously. We examine the Hanle eet when spins are generated at a boundary
of a diusive sample by the extrinsi spin Hall eet. We show that the Hanle urve is spatially
dependent and that the apparent spin lifetime, given by its inverse half-width, is shorter near the
boundary even if the spin relaxation rate is homogenous.
The goal of spintronis is to generate and manipulate
spin populations on time sales limited by the spin life-
time. One an aess the spin population optially, sine
seletion rules allow optial pumping and detetion of
spins in materials [1℄; interesting alternatives are mag-
neti materials or materials with spin-orbit interation,
providing aess to spins with standard miroeletroni
devies [2, 3℄. To haraterize a given sample, it is essen-
tial to determine its spin lifetime τs, whih depends on
the mirosopi properties of the sample. One an deter-
mine τs of a homogeneous sample using the Hanle eet
[1℄ as follows, even if time-resolved measurements are not
available. If there is no spin preession, a spin polariza-
tion simply deays with time τs. However, if a magneti
eld B perpendiular to the spin polarization axis is ap-
plied, there is a ompeting relaxation mehanism: spins
will preess in that magneti eld with Larmor frequeny
ωL ∝ B. If the magneti eld is suiently large, suh
that the spin an preess many times within its lifetime,
this will randomize the spin and suppress the spin polar-
ization. This ompeting spin relaxation mehanism be-
omes eetive for ωL & 1/τsthus τs an be extrated
by measuring the inverse width of the so-alled Hanle
urve sz(ωL).
In reent experiments by Kato et al. [4℄, a spatially
dependent spin polarization sz was indued via the ex-
trinsi spin Hall eet [5, 6, 7, 8℄ and measured via Kerr
mirosopy. The width of the Hanle urves sz(ωL, r) was
desribed with a spatially-dependent spin lifetime τ˜s(r).
Rather strikingly, it was found that τ˜s is several times
smaller near the sample edge than 10 µm away from the
edge. In this artile we alulate the Hanle urves and
show that suh a suppression of τ˜s near the edge an re-
sult from spin diusion, even if the spin relaxation rate
τ−1s is spatially homogeneous.
The physial piture for this spatial dependene of τ˜s is
as follows [see Fig. 1(a),(b)℄. Spins are generated at the
boundary and then diuse into the bulk of the sample.
In a magneti eld, the spins observed at a small distane
x were (on average) generated a short time ago and did
not yet preess muh in the magneti eld. Therefore,
they have a larger sz than one would expet for the ho-
mogeneous ase with a bulk generation mehanism (e.g.,
optial pumping). This means that the linewidth as fun-
tion of B is larger and the spin lifetime seems smaller.
Conversely, the spins observed far from the boundary, re-
Figure 1: Spin density sz(x, ωL) near a boundary of a diu-
sive system, given by Eq. (6) for τs = τxy = τz and qs = 0. (a)
When spins are generated at the boundary and then diuse
into the sample, spins loser to the boundary had on average
less time to preess in the magneti eld B = Bxˆ than those
further away. (b) Therefore, the Hanle urve sz(ωL ∝ B) lose
to the boundary (x = 0, solid line) beomes broader, while
away from the boundary (x = 4Ls, dashed line) it beomes
narrower than in the ase of homogeneous spin generation
(gray line). () Suiently far from the boundary the Hanle
urve develops sidelobes [9, 10℄ where the spin polarization
hanges sign; here sz is plotted in units of j
z
x
p
τs/D. (d) Spins
generated at the boundary diuse into the sample in the ab-
sene of a magneti eld and eventually beome suppressed
due to spin relaxation (ωL = 0, solid line), while in a mag-
neti eld (ωL = 5τ
−1
s , dashed line) spin preession further
suppresses spin polarization.
quired a rather long time to get there and were able to
preess longer in the magneti eld. Therefore, the value
of sz is more strongly suppressed by B, the linewidth
beomes narrower, and the spin lifetime appears longer.
A similar situation is found when the dominating spin
transport mehanism is the drift indued by harge ur-
rents [11, 12, 13, 14℄. During the drift from the injetion
to the detetion point over a distane r, spins preess
during time t = r/vdr, where vdr is the drift veloity. Be-
ause the preession angle ωLt is the same for eah spin
(negleting diusion), multiple osillations of sz were ob-
served as funtion of ωL [11℄ or r [12℄.
To quantitatively desribe the suppression of the ap-
parent spin lifetime τ˜s in a diusive system, we now
2analyze the Hanle urves for suh systems. For this,
we onsider a magneti eld B = B xˆ, whih indues
spin preession of eletrons with Larmor frequeny ωL =
g∗µBB/~, with eetive g-fator g
∗
and Bohr magne-
ton µB, orresponding to a Zeeman oupling HZ =
1
2
g∗µBB · σ. We assume a suiently small magneti
eld that orbital eets are not important and that τ−1s
is independent of B. The equation of motion for the
spin density s, inluding spin preession, diusion, and
relaxation is
s˙ = (g∗µB/~)B× s+D∆s −←→τ −1s s, (1)
with a spatially independent spin diusion onstant D
and a diagonal spin relaxation tensor
←→τ −1s with om-
ponents {τ−1xy , τ−1xy , τ−1z }; note that the polarization sx
deouples and so its spin relaxation rate is atually not
important here. Also, we dene the geometrial mean of
the spin relaxation times as τs =
√
τxyτz and the spin
diusion length is Ls =
√
Dτs. We set τxy = ατs and
τz = α
−1τs with some dimensionless onstant α, e.g.,
α =
√
2 for Dyakonov-Perel spin relaxation and Rashba
oupling [15, 16, 17, 18℄.
Next we assume that spin polarization is generated at
a boundary plane. This is the ase for the extrinsi spin
Hall eet [4, 5, 6, 7, 8℄, where an eletrial urrent in-
dues spin urrents whih in turn produe spin polariza-
tion near sample edges due to extrinsi spin-orbit inter-
ation. We take a semi-innite two- or three-dimensional
system with x ≥ 0, and an eletri eld Ey applied
along the y-diretion. The transverse spin urrent is
jzx = σSHEy, with spin Hall ondutivity σSH; miro-
sopially the spin urrent relaxes on the short transport
lifetime τ ≪ 1/ωL, thus σSH does not depend on the weak
magneti eld. If spin is onserved at the boundary, there
is no spin urrent perpendiular to the boundary and the
spin Hall urrent is ompensated by spin diusion, i.e.,
jzx = D
∂
∂x sz at x = 0. More generally, we onsider the
boundary ondition
∂
∂x
sz =
jzx
D
+ qssz,
∂
∂x
sy = qssy, (2)
whih allows for spin relaxation at the edge, haraterized
by qs, and where we have taken j
y
x = 0.
For other systems, where spins are generated at a
boundary and then preess in a eld, Eqs. (1), (2) also
apply and these systems show the same Hanle urves.
D'yakonov and Perel' [19℄ onsidered the situation where
eletron spins were optially generated using irularly
polarized light in a surfae layer thinner than Ls. As-
suming that reombination only takes plae in this sur-
fae layer, it is taken into aount via qs. Further, the
degree of irular polarization of the reombination radi-
ation is proportional to sz at x = 0, so only the Hanle
urve at the surfae is experimentally aessible. Suh
measurements were reported by Vekua et al. [20℄. Fur-
thermore, Johnson and Silsbee [10℄, analyzed a system
where spins are injeted from a ferromagnet into a para-
magnet at x = 0. A seond ferromagnet at a distane
x is used as a detetor, whose voltage is proportional to
the spin polarization sz(x). Fabriation of devies with
dierent detetor spaings then provides eletrial aess
to the spatially-dependent Hanle urve.
We now analyze the spin polarization in the stationary
ase s˙ = 0 by assuming that the spin relaxation rate←→τ −1s
is spatially independent. With the ansatz s = s0e
qx
we
nd the solutions of Eq. (1) satisfying Re q < 0,
q0,1 = −
√
τxy + τz ± T
2Dτxyτz
, (3)
T =
√
(τxy − τz)2 − 4τ2xyτ2zω2L. (4)
From the boundary onditions (2), we obtain the
position-dependent Hanle urves
sy(x, B) = j
z
x
∑
i=0,1
eqix
(−1)i τxyτzωL
DT (qi − qs) , (5)
sz(x, B) = j
z
x
∑
i=0,1
eqix
T + (−1)i (τxy − τz)
2DT (qi − qs) . (6)
For τxy = τz = τs, Eq. (6) simplies onsiderably;
using q0,1Ls = −
√
1± iωLτs = −(κR ± iκI) with κR =(
1 +
√
1 + ω2
L
τ2s
)1/2
/
√
2 and κI = ωLτs/2κR, we nd
sz(x) = −
jzx
√
τs
[
(κR + β) cosκId+ κI sinκId
]
√
D
[
(κR + β)
2
+ κ2I
] e−κRd,
(7)
where we have dened β = qsLs. In the speial ase of
x = 0 and τxy = τz, Eq. (7) agrees with the expression
found when studying Hanle eet on surfaes [19, 20℄;
while for qs = 0 and τxy = τz it agrees with the result
from Ref. 10.
Further, in the absene of the magneti eld, Eq. (6)
simplies to sz = −jzx
√
τs/D e
−
√
αx/Ls/(
√
α + β). Fi-
nally, for qs = 0, the integrated spin density orresponds
to the Hanle urve of a homogeneous system,∫
dx sz(x) = − j
z
x τz
1 + τ2s ω
2
L
. (8)
In the experiments of Ref. 4, the apparent spin life-
time τ˜s(x) is extrated by assuming a Lorentzian Hanle
urve [Eq. (8)℄ at eah position, then τs an be found
as the half-width at half-maximum of sz(ωL). Corre-
spondingly, we now take Eq. (6) and solve
1
2
sz(x, ωL =
0) = sz(x, ω
HWHM
L
) for the apparent spin lifetime τ˜s(x) =
1/ωHWHM
L
. Sine τ˜s does not depend on the prefator j
z
x
in sz, it is a funtion of α, β, τs, x, D. From dimensional
analysis we see that
τ˜s = τs gα,β
(
x
Ls
)
, (9)
with some dimensionless funtion gα,β that depends on
the distane d = x/Ls from the boundary in units of the
spin diusion length.
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Figure 2: Apparent spin relaxation time τ˜s as funtion of
distane x from boundary, plotted for β = 0 and α = 1 (solid
line), α =
√
2 (dashed), α = 1/
√
2 (dotted) and for β = 2
and α = 1 (dashed-dotted). While details depend on the
mirosopi parameters (see text), generally the apparent spin
lifetime is redued when onsidering the Hanle urves lose
to the boundary, even if the spin relaxation rate is position-
independent.
Using Eq. (6), we evaluate gα,β (d) numerially and
plot it in Fig. 2. For example, g1,0 ≈ 0.43+ 0.52d within
5% and for d < 10. Most importantly, the apparent
spin relaxation time τ˜s shows a strong spatial depen-
dene, even if the underlying spin relaxation rate is ho-
mogeneous. In partiular, this means that τ˜s is roughly
four times smaller near the boundary than several (three
to four) spin diusion lengths away. This is in agreement
with the experiments [4, 13, 21℄ where a similar fator
was observed [22℄.
Furthermore, note that at nite distanes x, the Hanle
urve an develop sidelobes, where sz hanges sign, see
Fig. 1. This is a well-known eet and suh sidelobes were
deteted eletrially in Johnson-Silsbee geometries for a
xed injetor-detetor spaing x [23, 24℄. Additionally,
in the regime τxy ≫ τz and for a xed x, the polarization
at nite elds an have a larger magnitude (but oppo-
site sign) that the main peak at zero elds, whih an be
understood as follows. In the absene of spin preession
(main peak), the spins will relax rapidly with rate τ−1z .
However, the preessing spins orresponding to the side-
lobes relax with a lower average rate and thus ontribute
with a larger signal, eetively ltering spins that have
preessed by an angle of pi.
An important question is what happens at the bound-
ary of a homogeneous sample, namely if there are spin
relaxations proesses due to the boundary. Suh pro-
esses, on length sales shorter than Ls, are inluded
here via qs. By measuring the spatially dependent Hanle
urves and by tting with Eq. (6) (or by omparing with
Fig. 2), one an extrat qs and therefore gain aess to
the relaxation at the boundary, even if it ours on a
muh shorter length sale than spatial resolution of sz(x).
Finally, for an inhomogeneous sample, a loal probe of
the spin lifetime is desirable. While it is now lear that
spin diusion an make suh a measurement diult in
the steady state, one ould instead use a time-resolved
(pump-probe) measurement to determine τs(x).
Instead of extrating the parameters of Eq. (1) and (2)
by tting to Eq. (6), one an nd some parameters more
diretly as follows. First note that for B = 0, one an ex-
trat the deay length Lzs =
√
Dτz from sz(x). Next, the
width of the Hanle urve ontains information about spin
relaxation, and we aess it via the urvature at the ori-
gin, c(x) = (∂2sz/∂B
2)/sz|B=0. (The normalization of c
eliminates eets of a spatially dependent detetion sen-
sitiviy on sz.) Sine the Hanle urve beomes narrower
when moving away from the boundary, the urvature in-
reases and from Eq. (6), we nd
1
c
∂c
∂x
∣∣∣∣
x=0
=
1
Lzs
+ qs, (10)
whih does not expliitly depend on α or g∗. Beause
Lzs an be determined independently, Eq. (10) provides
a onvenient way to aess the spin relaxation qs at the
boundary.
In addition to the extrinsi spin-orbit interation, lead-
ing to the spin Hall eet onsidered above, there is also
intrinsi spin-orbit interation that ouples to the spin
as an eetive eld b(k), depending on the wave ve-
tor k. In Eq. (1), we do not take this eld into aount
expliitly; however, it does ontribute to the spin relax-
ation rate τ−1s . Also, this eld an lead to additional
spin polarization indued by the eletri eldfor ex-
ample, for a two-dimensional system with Rashba spin-
orbit interation, this polarization is along the x axis
[25, 26, 27, 28, 29, 30, 31℄; however, it is not relevant in
our disussion of sz, sine sx does not ouple to sz or sy
in Eq. (1). In a naive model, one an understand this po-
larization as arising from the eld bdr = 〈b(k)〉 averaged
over all arriers, whih drift in the eletri eld with a
nite 〈k〉. For Rashba spin-orbit interation, bdr is in-
plane and perpendiular to E, i.e., in our ase bdr ‖ B.
In addition to the sx polarization, bdr ontributes as
a spin preession term in the Bloh equation. Beause
it is parallel to B, its ontribution an be absorbed into
ωL and it leads to a shifted Hanle urve sz(B) with the
maximum moved away from B = 0. Experimentally,
the expeted shift of the Hanle urve sz(B) was reported
for strained three-dimensional n-GaAs systems (where a
spin-orbit oupling with the same form as the Rashba
term is present [32℄), while for unstrained samples one
sees that bdr = 0 due to the ubi symmetry and there is
no shift [4℄. Note that this naive model an break down
for more general transport mehanisms [31℄, whih an
lead to spin generation along bdr×B, but this expression
vanishes in our onguration.
Furthermore, for Rashba spin-orbit interation there
are additional preession terms around the yˆ axis that
arise when spins diuse away from the edge [17, 33, 34,
35℄. This would indue osillations in sz(x) in addition
to the one shown in Fig. 1(d) and the ombined eet
an lead to larger osillation amplitudes. Sine the pre-
ession length is on the order of Ls in both ases, stritly
speaking our model [Eq. (1)℄ does not apply to a system
4with Rashba spin-orbit interationhowever, no suh k-
linear intrinsi spin-orbit terms are present for a three-
dimensional system with ubi symmetry, whih applies
to the experiments of Ref. 4 on unstrained samples. Fi-
nally, for two-dimensional systems, it was argued that the
Rashba spin-orbit interation an hange the magnitude
of extrinsi spin urrents [36, 37℄ and would thus hange
the magnitude of the Hanle urves. For these systems,
also the importane of the intrinsi spin-orbit interation
on the boundary onditions was studied [38, 39℄; mea-
suring the spatial dependene of the Hanle urves and
using a property analogous to Eq. (10) an be used to
test these preditions.
In onlusion, we have found that in systems where
spins are generated at the boundary, the magneti eld
dependene of the spin polarization (Hanle urve) be-
omes spatially dependent even if the spin relaxation rate
τ−1s is spatially homogenous. This leads to a redution of
the apparent spin lifetimes τ˜s near the edges of a sample
exhibiting the spin Hall eet, as was reently observed
experimentally [4℄. We have provided an intuitive pi-
ture for this eet: spins deteted loser than Ls to the
edge were on average generated within a time less than τs
and relatively large magneti elds would be required to
suppress them, orresponding to a small τ˜s. Our desrip-
tion provides a method for extrating the homogeneous
spin relaxation rate and it also allows to measure spin
relaxation eets at the sample boundary.
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